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This  paper w i l l  d i s c u s s  a p p l i c a t i o n s  of Fourier  transform inf ra red  (FT-IR) spectroscopy 
and l a s e r  spark spectroscopy (LSS) a s  in s i t u  d iagnos t ics  f o r  d i sperse  phase combustion 
environments. The u l t i m a t e  goa l  of the  FT-IR work is the i d e n t i f i c a t i o n  of gas  phase 
s p e c i e s ,  and the determinat ion of t h e i r  temperature and concentrat ion during t h e  
combustion of pulver ized coa l  p a r t i c l e s .  We are developing LSS a s  a complementary 
technique f o r  t h e  in s i t u  e lemental  a n a l y s i s  of coal ,  char ,  and ash p a r t i c l e s  in 
combustion environments. 

Fourier  transform spectroscopy 

We have made inf ra red  absorpt ion measurements f o r  s i z e d  coa l  p a r t i c l e s  en t ra ined  i n  a 
laminar flow r e a c t o r ,  The combustion is  i n i t i a t e d  by hot  bath gases  produced in a 
H2/02/N2 f l a t  flame a t  t h e  base of the  reac tor .  
f low reac tor  a n d  the FT-IR system is shown in Figure 1 ;  d e t a i l e d  descr ip t ions  of the  
experimental appara tus  and t y p i c a l  in f ra red  absorp t ion  spec t ra  have been given elsewhere 

The i n t e r f a c e  between t h e  

(1) .  

FT-IR spectroscopy has  been shown t o  be an e f f e c t i v e  technique f o r  de tec t ion  of many 
d i f f e r e n t  s p e c i e s  s imultaneously over a wide s p e c t r a l  bandwidth when condi t ions permit 
time-averaged measurements along a l ine-of-s ight  (1 ,2) .  This  pas t  year  h a s  seen the  
extension of these measurements i n t o  the high reso lu t ion  domain and the  c a r e f u l  
q u a n t i t a t i o n  of t h e  technique 's  u l t imate  s e n s i t i v i t y  f o r  severa l  molecules. 

P a s t  absorption measurements have been plagued by the inf ra red  emission of h o t  coa l  
p a r t i c l e s  passing through t h e  de tec tor  field.-of-view. These s igna ls  a c t  a s  an addi t iona l  
n o i s e  source, and are mit igated only somewhat by labor ious  time-averaging T h i s  has  
prevented t h e  measurement of spec t ra  a t  a reso lu t ion  g r e a t e r  than 0.5 cm-'. We have 
found, however, t h a t  t h i s  p a r t i c l e  generated "noise" occurs  a t  Fourier  f requencies  lower 
than t h e  per t inent  bandwidth containing inf ra red  s p e c t r a l  information. Elec t ronic  
f i l t e r i n g  of t h e  d e t e c t o r  ou tput  has  g r e a t l y  reduced t h i s  p a r t i c l e  noise. and allowed us 
t o  make t h e  f i r s t  repor ted  meas rements of pulver ized c o a l  combustion products a t  a 
s p e c t r a l  r e s o l u t i o n  of 0.08 cm- . 
Although these  measurements a r e  more time consuming than those a t  lower reso lu t ion ,  they 
a l low a Wre accura te  determinat ion of both t h e  molecular r o t a t i o n a l  temperaure and 
concentrat ion.  This is due p r i n c i p a l l y  t o  t h e  lessened in te r fe rence  of nearby absorpt ion 
l i n e s  from other  s p e c i e s  (mainly water) and higher  exc i ted  s t a t e  t r a n s i t i o n s .  
measurements have a l s o  allowed u s  t o  observe t h a t  t h e  measured l i n e  width of CO and 
C 0 2  t r a n s i t i o n s  is considerably grea te r  than the  reported values  of 0.04 cm-' a t  
temperatures around 1300 K. Measured widths a t  h a l f  maximum a r e  0.105 cm-l, and we 
POStUlate t h a t  the  a d d i t i o n a l  width is caused by c o l l i s i o n a l  broadening with the copious 
quant i ty  of water present  (15 mol 5 ) .  An example is shown in Figure 2 f o r  a por t ion  of 
the  CO P-branch r o t a t i o n -  v i b r a t i o n  band produced during the combustion of a pulver ized 
western Kentucky bituminous coal. The CO r o t a t i o n a l  temperature determined from the  
r e l a t i v e  i n t e n s i t i e s  of t h e  absorpt ion l i n e s  was 1218 +/-  28 K and was i n  good agreement 

Y 

These 

136 



with a temperature of 1247 +I- 22 K der ived from the  C02 o3 R-branch 
ro ta t ion-v ibra t ion  during the same expeimental measurement. 

Reduction of the noise  caused by p a r t i c u l a t e  emission h a s  increased our s e n s i t i v i t y  f o r  
many small infrared-act ive molecules ( C O ,  CH4,  NO, HCN, H 2 S )  t o  about 100 ppm a t  
combustion temperatures in the presence in coal  p a r t i c l e s .  
minor products of combustion in s i t u  have been hampered by the low p a r t i c l e  number densi ty  
we have been able  t o  entrain i n  our flow reac tor  (2 ~ m - ~ ) ,  and by the  s e r i o u s  overlap 
of water absorption l i n e s  with N- and S-containing spec ies  of i n t e r e s t .  

Concentration measurements were made by en t ra in ing  known amounts of carbon dioxide and 
n i t r i c  oxide in to  the flow reac tor .  Using l i t e r a t u r e  values  of l i n e  s t rengths ,  t h e  
corresponding experimental i n t e n s i t i e s  could be t h e o r e t i c a l l y  ca lcu la ted  f o r  a v a r i e t y  of  
o ther  molecular spec ies  in our FT-IR/flow r e a c t o r  system. This approach is e f f e c t i v e  in 
minimizing uncer ta in t ies  in absolu te  i n t e n s i t y  measurements which arise from line-shape 
d i s t o r t i o n s  caused by our instrument. I n  Figure 3 we show the  measured concentrat ion of 
CO and C02 a t  38 msec residence f o r  coa l  p a r t i c l e s  in the  +30/-50 micrometer s i z e  
range a s  a funct ion of excess oxygen in the  flow reac tor .  

Current e f f o r t s  a t  de tec t ing  

Laser spark spectroscopl  

We have developed t h e  technique of l a s e r  breakdown spectroscopy f o r  analyzing t h e  
composition of p a r t i c l e s  and d r o p l e t s  suspended in a i r  (3) .  A s  such, t h i s  technique should 
prove invaluable a s  an in  s i t u  real- t ime d iagnos t ic  f o r  appl ica t ion  t o  fundamental s t u d i e s  
of the  combustion or g a s i f i c a t i o n  of coa l ,  coal-derived l i q u i d s  and coal-water s l u r r i e s .  

A high-power pulse  was generated by a Nd:YAC l a s e r  and focused on ind iv idua l  c o a l  
p a r t i c l e s  car r ied  in a gas flow. 
the p a r t i c l e s ,  and t o  cause avalanche breakdown of t h e  vapor. The emission spec t ra  from 
the plasma were analyzed t o  i d e n t i f y  l i n e s  c h a r a c t e r i s t i c  of  the  s p e c i f i c  elements. 
Because of the s t rong continuum emission a t  e a r l y  time of  the spark, a time-gated o p t i c a l  
multichannel analyzer was used t o  record the  emission spec t ra .  Timing and s p e c t r a l  
windows were carefu l ly  se lec ted  t o  minimize the  continuum emission, and t o  e l imina te  
in te r fe rence  from nearby or overlapping l i n e s  from the atoms of i n t e r e s t .  We succeeded in 
i s o l a t i n g  s p e c t r a l  f e a t u r e s  of  t h e  major elements: carbon, ni t rogen,  oxygen, a s  well a s  
hydrogen, sodium, and chlor ine.  

A two-color cross-beam l a s e r  technique was developed t o  provide a simultaneous t r i g g e r  f o r  
the breakdown l a s e r  and a measurement of the s i z e  of t h e  p a r t i c l e  being analyzed. 
schematic diagram of the experimental apparatus  is shown in Figure 3. With t h i s  apparatus  
i t  is possible  t o  c o r r e l a t e  the  emission spectrum and i n t e n s i t y  wi th  t h e  p a r t i c l e  s ize .  
I n  addi t ion ,  detect ion l i m i t s  of Various spec ies  of i n t e r e s t  were deduced from these  
cross-correlat ion measurements. 

Laboratory experiments were conducted using pulver ized bituminous c o a l  p a r t i c l e s  and water 
d r o p l e t s  with added impuri t ies .  
generator  for the  purpose of c rea t ing  a s e r i e s  o f  water p a r t i c l e s  of  carefu l ly  cont ro l led  
diameter. This grea t ly  f a c i l i t a t e s  the c a l i b r a t i o n  of  s p e c t r a l  emission wi th  such 
v a r i a b l e s  a s  t h e  drople t  s i z e ,  atomic concentrat ion,  inc ident  l a s e r  energy, and 
spectrometer response. An emission spectrum is shown in Figure 4 for  the sodium 5890 A 
l i n e  (gra t ing  reso lu t ion  was not s u f f i c i e n t  t o  reso lve  the  doublet in  t h i s  spectrum). 
This spectrum or ig ina ted  from t h e  vaporizat ion of a s i n g l e  water drople t  70 micrometers in 
diameter, containing 0.1% Na by weight. 

Absorbed energy was s u f f i c i e n t  t o  completely vaporize 

A 

The la t ter  experiments used a p i e z o e l e c t r i c  drople t  
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Figure 1. Schematic diagram of FT-IR / f l o w  reac tor  in te r face .  
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Figure 4 .  Schematic diagram o f  Laser S p a r k  Spectroscopy 
a p pa ra t u  s . 
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Figure 5 .  Na emission spectrum produced d u r i n g  l a s e r  spark 
vaporization o f  water droplet. 
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Figure  2. Absorbance spectrum of C O  produced du r ing  pu lver ized  
coa l  combus t i  on. 
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F igure  3 .  CO and C02 concen t ra t i on  i n  f l o w  r e a c t o r  as a 
f u n c t i o n  o f  excess oxygen. 
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